Geological and physical observations and constraints are applied to the development of a model of the ascent and emplacement of basaltic magma on the earth and moon. Mathematical models of the nature and motion of gas/liquid mixtures are developed and show that gas exsolution from terrestrial and lunar magmas commonly only occurs at shallow depths (less than 2 km); thus the ascent of bubble-free magma at depth can be treated separately from the complex motions caused by gas exsolution near the surface. Magma ascent is related to dike or conduit width; a lower limit to width is determined by the presence of a finite magma yield strength or by excessive magma cooling effects related to magma viscosity. For terrestrial basalts with negligible yield strengths and viscosities greater than 102 Pa s, widths in the range 0.2-0.6 m are needed to allow eruptions from between depths of 0.5-20 km. Fissure widths of about 4 m would be needed to account for the output rates estimated for the Columbia River flood basalt eruptions. As the magma nears the surface, bubble coalescence will tend to occur, leading to intermittent explosive strombolian-style activity. For commonly occurring lunar and terrestrial basalts the magma rise speed must be greater than 0.5-1 m/s if strombolian activity is to be avoided and relatively steady fire fountaining is to take place. Terrestrial fire fountain heights are dictated by the vertical velocity of the magma/ gas dispersion emerging through the vent, increasing with increasing magma gas content and mass eruption rate, and decreasing with increasing magma viscosity. Terrestrial fire fountain heights up to 500 m imply the release of up to 0.4 wt % water from the magma, corresponding to initial water contents up to 0.6 wt %. The presence of extremely long lava flows and sinuous rilles on the moon has often been cited as evidence for very high extrusion rates and thus a basic difference between terrestrial and lunar magmas and crustal environments. However, the differences between terrestrial and lunar magma theologies and crustal environments do not lead to gross differences between the effusion rates expected on the two planetary bodies, for similar-sized conduits or fissures. Thus the presence of these features implies only that tectonic and other forces associated with the onset of some lunar eruptions were such as to allow wide fissures or conduits to form. The surface widths of elongate fissure vents need be no wider than 10 m to allow mass eruption rates up to 10 times larger than those proposed for terrestrial flood basalt eruptions; 25-m widths would allow rates 100 times larger. It therefore appears unlikely that source vents on the moon with widths greater than a few tens of meters represent the true size of the unmodified vent. The main volatile released from lunar magmas was probably carbon monoxide, released in amounts proportionally less thar:-terrestrial magmas by more than an order of magnitude. However, decompression to the near-zero ambient lunar atmospheric pressure causes much greater energy release per unit mass and this, coupled with vertical and horizontal expansion of the gas, suggests a much more efficient use of the available gas on the moon than on the earth. Some amount of magma disruption must always have taken place in lunar eruptions unless the gas content was truly zero or the magma possessed an appreciable yield strength. Pyroelastic deposits, such as the extensive lunar dark mantling material, could be produced from a single source vent and extend to diameters of up to 200 km. Such deposits could result either from steady eruptions at high effusion rates (with less than 1% of the magma disrupted into submillimeter droplets) or low effusion rate eruptions in which strombolian activity occurred. The wide dispersal of pyroelastic debris is a result of small particles being locked into the expanding gas cloud. Finally, we consider the details of basaltic eruption processes on the moon and predict the nature and geometry of several types of volcanic landforms (flows, pyroelastic blankets and cones, cinder and spatter ridges, etc.) that should result from specific eruption conditions.
INTRODUCTION
In this paper we attempt to draw together various ideas concerning the eruption of, principally, basaltic liquids on planets and to obtain detailed relationships giving the dependence of the magma rise speed and mass eruption rate in open conduits on both the magma properties (viscosity, density, yield strength, volatile content, and composition) and the parameters of the conduit system (fissure width and length, source region depth, planetary gravity, and lithostatic pressure gradient). We consider only direct eruption to the surface of the magma and the surrounding rocks or may be some nonhydrostatic process: examples include convective creep of deep materials [Elder, 1976] , volume changes on melting [Fedotov, 1977a] , and gas exsolution after convective stirring or as a result of partial crystallization of the magma.
If a fissure is produced tectonically, the width will depend on the amount of stress to be relieved and the horizontal extent of the strained region; similarly, the length depends on the detailed prefracture stress distribution, and it is difficult to predict the expected width to length ratio. Fedotov [1978] has summarized work on the expected shape of hydraulic fractures and finds width to length ratios in the range 10 -2 to 10 -3 in near-surface layers and in the range 10 -3 to 10 -4 in the deep crust.
As an eruption proceeds, fissure widening may occur as a or carbon dioxide exsolution, bubble growth to the point of result of wall erosion; however, if a fissure initially opens as a magma disruption, rise of gas/clast dispersion, and supersonic transition in a vent of suitable shape. We extend this analysis to include a variety of likely volatile species exsolved from a magma with any viscosity and use studies of bubble rise by Sparks [1978] to define the boundary between intermittently explosive strombolian activity and steady fire-fountaining. A result of a large excess (nonhydrostatic) pressure in the source region, then fissure closure may occur as the excess pressure is relieved. Since erosion of fissure walls is likely to be greatest in those regions where the magma rise velocity is greatest, the tendency will be toward localization of the flow of the sheet of rising magma in a long, narrow fissure into a small number of major aim of this analysis is the prediction of the ranges of discrete, vertical zones. Since, as we shall find shortly (equaconditions under which the various types of lunar basaltic volcanic features were formed.
II. BASIC CONCEPTS OF MAGMA RISE
A. Geological Constraints A melt which is less dense than its surroundings will tend to rise in a gravitational field. In the deep crust or upper mantle it may rise diapirically [Ramberg, 1967; Elder, 1976; Fedotov, 1977b; March, 1978; Marsh and Kantha, 1978] : the surrounding material deforms out of the way. Nearer the surface it may The mass flow rate is defined as the mass of magma per unit time crossing any horizontal plane cutting the fissure; continuity requires that the mass flow rate in the fissure system be equal to the mass erupted per unit time from the surface vent. The latter is often expressed as an effusion rate in units of magma volume per unit time and may be converted to a mass eruption rate by multiplying by the magma density. Since rise velocity is controlled, via wall' friction, by the width of a fissure while mass flow rate depends on both the width and the horizontal length (and can be made arbitrarily large by assuming a very long fissure of any given width), it follows that the largest rise velocity for a given mass flow rate will be that which occurs through a short fissure of any given width; the extreme example of such a geometry is flow in a circular conduit (for which the length is equal to the width), and we shall treat this case initially, commenting on the properties of long fissures as necessary.
Magma will not reach the surface at all through a fissure which is narrower than a certain width or a conduit which is smaller than a certain diameter, the limit being set by either cooling effects or the presence of a yield strength in the magma. (Magma is said to have a yield strength if a finite stress must be applied to it in order to cause flow to occur; Newtonian liquids have zero yield strength.) There is no simple theoretical upper limit to magma rise speed; the limit will be set via frictional effects by the width or diameter of the largest fissure or conduit produced during the eruption. This will be related to the size of tectonic forces if erosion is not important or to the size of the available magma source body and hence eruption duration if erosion does occur.
The pressure at any depth in an erupting magma is not likely to be greatly different from the local lithostatic pressure once steady flow to the surface has been established. If an eruption is initiated by an excess pressure in a magma body, the overlying rocks will fail when their tensile strength or shear strength is exceeded. Similarly, if the pressure in an already erupting magma differs from the stress in the surrounding rocks by a sufficient amount, wall failure will occur. The strength is likely to be low in the deep crust where rocks can deform plastically (and where high stress differentials are unlikely to accumulate), low in unconsolidated near-surface layers and highest at intermediate levels in the crust--though the numerical value of the pressure difference is unlikely to be greater than 200 bars at any depth as noted above. In the immediate vicinity of a volcanic vent, accumulating eruption products may be in the form of loose pyroclastic fragments or liquid lava. Preexisting surface materials may be fragmented debris or old volcanic rocks broken by cooling joints or, on any atmosphereless body, an impact-generated regolith. All of these materials have essentially zero strength compared with lithostatic pressures, and so it is very likely that the pressure in an erupting volcanic fluid will become lithostatic over at least the last few tens of meters soon after an eruption starts. Even where absolute pressures differ from lithostatic values by a few tens of bars deeper in a conduit system, the pressure gradient, which is the driving mechanism for the eruption, will be close to the lithostatic gradient, and the two will be assumed equal in most of our calculations. Figure 1 shows the geometry of the conduit and fissure systems treated and defines several of the variables needed. At depths great enough that no gas is exsolved (or at all depths for a gas-free magma) the magmatic liquid is assumed to have density p•, viscosity ,/, and yield strength Sy. It rises through a circular conduit of diameter 2r or through an elongate rectangular fissure with width 2r and length L. The surrounding crust has constant density ph, and the acceleration due to gravity is g, so that at depth h below the surface the lithostatic pressure is P --p•gh. If any gas is exsolved from the magma, it first nucleates at depth d,; if enough gas exsolves before a given part of the magma reaches the surface, bubbles will grow to a close-packed condition and magma disruption will occur [Sparks, 1978] at a depth d,•. The magma rise speed will be a constant uf in the gas-free region if r does not vary systematically with depth (see below); the vertical velocity of the eruption products in the vent will be denoted u, when gas is present.
B. Physical Constraints
The 
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P Pg rn P pg where Q is the universal gas constant, rn is the molecular weight of the gas, and T is the bulk temperature. If pressure changes occur very rapidly, the adiabatic relationship will be more accurate: ae (10) p =¾ pg where ¾ is the ratio of the specific heats of the gas. The equations (1), (8), and (5) or (7), together with the auxiliary definitions (2), (3), and (9) or (10), are adequate to describe most of the aspects of magma eruption. The total initial magma volatile content must be specified, and the solubility of the gas species must be known so that n may be deftned as a function of pressure and temperature. Minor changes are needed if more than one gas species is exsolved. The above treatment neglects the possibility that the temperature T may decrease as the magma ascends owing to thermal losses at the walls or may increase owing to heat production by viscous dissipation or gas exsolution; any such temperature changes would cause viscosity changes in the magma. Fortunately, temperature changes would be progressive, being most apparent near the surface. We shall show below that over a very wide range of eruption conditions the motion of the erupting materials in the near-surface part of the system is turbulent; the Reynolds number is large and, as shown by (2) and (3), the friction factor becomes independent of the viscosity.
C. Role of Volatiles in Magma Rise
1. Gas-free case. Over the range of depths where no gas is exsolved from a magma, equation (8) shows that p --Pl, a constant and so do = 0 and (5) and (7) are somewhat simplified. The small effect of the finite compressibility of the magmatic liquid is neglected. If we further assume that the conduit or fissure geometry does not change rapidly with depth we can put dr and dL --0 (thus interpreting r and L as the average values applying to the system) which in turn implies du --0 so that u is a constant, already defined as uf. Inserting du = 0, u --uf, and p --Pl in (1) and substituting (2) and ( 
where, as before, A --64 for a circular conduit and 24 for a fissure and now also B = 2 for a conduit and B --(1 + (2r/L)) for a fissure. Flow does not take place at all unless the value of the term in the bracket is positive. It will be noted the above equations effectively assume that it is the magma density contrast which drives the motion of gas-free magma. For such a circumstance to apply exactly, there would have to be a steady deformation of the rocks around the magma reservoir to replace the volume of magma erupted. Prior to most eruptions there is probably a build-up of stress around a magma chamber due to injection of fresh magma from depth or tectonic adjustment (or gas exsolution if the chamber is at a shallow enough depth), and it is the release of this stress after the overlying rocks fail that initially drives the eruption and supplies the replacement volume [ Wadge, 1980] . Numerical values given by Wadge [ 1980] show that the excess stresses typically have values which correspond to effective density contrasts of order 200 to 400 kg/m 3, only a factor of 2 greater than the contrasts between typical silicate solid/liquid densities.
2. General case. In the case where a finite amount of gas is present in the magmatic fluid the motion is dominated by the exsolution and subsequent expansion of the gas as the pressure decreases and is defined (to the extent that we initially assume good thermal contact between the magmatic liquid and the gas) by (1), (2), (3), and (5), or (7), (8), and (9). Wilson et al. [1980] have shown that these equations can be usefully reduced to 
piQT is introduced and identified as the effective speed of sound in the erupting fluid. This formula for uc is somewhat simpler than those given by more exact derivations of the sound speed in multiphase fluids. Such formulae have been derived for various problems [Hsieh and Piesset, 1961; Soo, 1961 Soo, , 1967 Kliegel, 1963; Rudinger, 1964; Cole et al., 1970] , including volcanic systems [Kieffer, 1977; Pai et al., 1978] . Substitution of typical numerical values of pl, Q, m, and T shows that for values of n up to about 0.06 (i.e., 6 wt %) and P up to several hundred bars (the ranges of interest), all these formulae produce values for uc under isothermal conditions that lie within a few percent of those given by (18). Use of (10) instead of (9) in deriving (16)-(18) shows that under conditions where the thermal exchanges in the gas are adiabatic the formulae are the same except that uc is larger than that given by (18) by the factor 4•.
As Housley [1978] has pointed out, for erupting fluids in the vent region, pressure less than about 10 bars, (18) reduces adequately to uc --(nQT/m) 1/2 and so for water at 1200 K as the exsolved volatile some values are Uc --160 m/s for n --0.05 (5 wt %), u, = 72 m/s for n = 0.01, and u, --23 m/s for n --1000 ppm. Other gas compositions lead to similar values because of the m 1/2 dependence. Since there is strong evidence that the eruption velocity in terrestrial plinian eruptions is commonly greater than 200 m/s [Wilson, 1976] , the motion of the erupting mixture must be supersonic in such events.
Examination of (16) and (17) shows that there is no difficulty in allowing a subsonic to supersonic transition to occur in the conduit system, provided the conduit widens toward the surface with a wall slope numerically greater than the limiting value given by (dr) rgf
As an example, assume that in a certain terrestrial eruption in which H:O is the volatile released from a magma of liquid density Pl = 3000 kg/m 3 and temperature 1200 K, the erupting mixture rise speed becomes supersonic at a depth of about 300 m, where the pressure is 100 bars, the conduit radius is 5 m, and the exsolved gas weight fraction has reached n = 0.02.
Then u = u• = 134 m/s and (dr/dh)L =•1.4 x 10 -3 + (f/8).
Equations (8) and (9) show that the bulk density of the erupting mixture is 1367 kg/m 3 under the stated (•ønditions; the relative sizes of the terms in (8), which are proportional to the volumes of gas and liquid, respectively, shows that the gas occupies 76% of the total volume. This is close to the gas volume fraction at which magma disruption into a spray of scoria or pumice might be expected to occur [Sparks, 1978] . If we assume first that such disruption has not yet occurred, we must use the liquid viscosity in calculating the Reynolds number from (2): if we take ;/= 102 Pa s, we find Re = 1.83 x 104 and, using (3), f = 0.0135. Thus f/8 = 1.69 x 10 -3 and (dr/dh),• = 3.1 x 10 -3. If, on the other hand, we assume that magma disruption has just occurred, the bulk viscosity of the gas/pyroclast mixture will essentially be equal to the gas viscosity [Saffman, 1967] ' a typical value would be 2 x 10 -5 Pa s. The Reynolds number would then be much larger, of order 10 l', and so (3) gives f = 0.01, leading to (dr/dh),• = 2.65 x 10 -3.
Thus we find the value of (dr/dh),• needed to allow a supersonic transition to occur to be close to 3 x 10 -3 in either case:
this corresponds to a wall slope of only about 0.2 ø and is easily satisfied. Similar required wall slopes, of order 1 ø, are found for all other permutations of realistic values of the variables.
Equations (16)-(18) represent a convenient basis for numerical simulations of model eruptions. If it is assumed that the pressure is everywhere lithostatic, P and dP/dh are at once specified as a function of depth using the appropriate planetary gravity g and crustal density 0h. Values are selected for the molecular weight m of the desired volatile component and for the amount of that volatile component present in the magma at depth n, (though a special treatment is required for the lunar case; see below). Provided the solubility na of the volatile is known as a function of pressure, n can be calculated at any depth. Sparks [1978] has shown that gas diffusion into nucleating bubbles will be sufficiently rapid that most magmas approaching the surface are only just supersaturated (by -1 or 2 bars). We assume that rising magmas do always exsolve gas in this way as long as they remain coherent liquids. However, if the exsolved gas volume fraction exceeds 0.75 at some depth below the surface and disruption of the magma into pyroclasts and gas occurs, there will generally be a rapid increase in the upward velocity of the products (by a factor of order 10; see below). We assume that gas diffusion in the liquid phase will no longer be able to keep pace with the falling pressure under these conditions and so terminate gas exsolution if magma disruption occurs.
Numerical solutions are normally started from the level where n = 0, since the motion below that level is fixed by (12), which gives uf, the constant value of u, in terms of the chosen values of ph, p,, g, •/, and r. Equation (18) (2) and (3)) are calculated using the magmatic liquid viscosity at first; the ratio of the terms on the fight-hand side of (8) is used to keep track of the fractional volume of the erupting mixture occupied by gas. When (and if) this fraction rises to 0.75, it is assumed that the magma disrupts rapidly into scoriaceous or pumiceous droplets and released gas: the gas viscosity then replaces the liquid vicosity in finding the Reynolds number. For mathematical convenience this transition is idealized as being abrupt, whereas in real systems it must occur over a finite vertical distance. However, the simplification is of little consequence, since in almost all cases (as in the example above), when disruption occurs, the term (A/Re) in (3) has already become comparable with or smaller than K; thus the sudden large increase in Re due to the change from using a liquid viscosity to using a much smaller gas viscosity produces only a small change in f and hence the rate of change of r and u with depth. It is emphasized that the above assumption of P varying lithostatically with depth is not essential. The extreme alternative is to use (12) as before to fix the motion below the level at which n becomes nonzero but afterward to specify r instead of P as a function of h. The corresponding integration that gives u and P as a function of depth. Of course, if r(h) is chosen to vary very rapidly, then pressure profiles which rapidly cease to be even vaguely lithostatic can be generated. As we argued above, such circumstances do not, presumably, occur commonly in real volcanic systems, since they lead to very large stresses across the conduit walls. Nonetheless, this alternative mode of solution of the equations is useful in illustrating the early stages of an eruption (see later) or in exploring the consequences of episodes of sudden conduit widening (by erosion of wall rock) or narrowing (by tectonic adjustments) which might occur. Wilson et al. [1980] give some examples of the latter processes.
III. CONSTRAINTS ON MAXIMUM AND MINIMUM RISE RATES OF MAGMAS
A.
Minimum Rise Rates
We can now summarize formulae for the effects of cooling and yield strength on magma rise and deduce values for the minimum conduit radii that must be considered in later sec- Clearly, very large values of conduit radius or fissure width (in excess of 1 km) would be needed to allow terrestrial dacites to reach the surface if their yield strengths at depth were as high as their yield strengths on the surface. This observation lends support to the suggestions of that an increase commonly occurs in both the viscosity and yield strength of magmas as they are degassed on nearing the surface. Fedotov [1978] has shown that if a magma is to avoid excessive cooling during its rise from some depth H, its velocity must be greater than a critical value Uc, given by 
in which fl is a dimensionless number and X is the thermal diffusivity, typically about 7 x 10 -7 m2/s. The value to be adopted for fl depends on the amount of cooling allowed. Fedotov [1978] in every case the Reynolds number is sufficiently small that flow is in the laminar regime, and the use of (13) in the above treatment is justified. Table 2 Tables 1 and 2 shows that while rcy can realistically go to zero as Sy goes to zero in a magma at a temperature approaching the. liquidus, rc, can never do so, since all magmas, however hot, must have a finite viscosity. If we assume that terrestrial basalts commonly erupt from a minimum depth of 5 km and have minimum viscosities of 102 Pa s, we should expect a minimum conduit radius of about 0.22 m, which is consistent with the observed range of widths of terrestrial dikes [Fedotov, 1978] The maximum rate of rise of a magma through a fissure or conduit is dictated for any given set of values of magma yield strength, viscosity, and density, crustal density, and planetary gravity by the maximum value during the eruption of the average width of the pathway through relationships like (20) or (24). As noted earlier, at the onset of an eruption the width is probably determined by the amount of regional stress relieved by the opening of a fracture, while wall erosion during a prolonged eruption could significantly enlarge the width. We do not attempt to quantify these processes but note that mass eruption rates are commonly less than about 3 x 10 6 kg/s in basaltic eruptions on earth and are inferred to have been up to 10 9 kg/s for some lunar mare basalt flows (J. L. WhitfordStark, manuscript in preparation, 1979).
follows. If basaltic eruptions take place through elongate fissures, then such fissures must commonly have widths of at least 0.1 m if the magma is to avoid cooling as it rises (see Table 2 ); also, the fissures could accommodate the largest effusion rates inferred for terrestrial flood basalt eruptions if they were typically 4 m wide on earth or 2 m wide on the moon. Equation (28) shows that a 4.6-fold increase in width would permit a 10-fold increase in effusion rate. If magmas possess a yield strength greater than about 10 3 N/m 2, then their rise will be limited by the yield strength rather than by cooling, and fissure widths will need to be much wider than 1 m to permit eruptions to occur; see Table 1 . Finally, if eruptions occur through central conduits rather than elongate fissures, then conduit radii up to several tens of meters will be needed to accommodate the highest expected eruption rates;
see Tables 3 and 4 .
IV. ASCENT AND EMPLACEMENT OF BASALTIC MAGMAS ON EARTH d. Volatiles: Compositions and Solubilities
We assume that H20 and CO•_ are the most common volatiles in terrestrial magmas [e.g., Holloway, 1976] . Mysen [1977] has summarized the available data on solubility of H:O in liquids of common mineral compositions and in real magmas.
If (5) and (12) are combined to give M as a function of r for The solubility varies appreciably with the composition of the a circular conduit, it is readily shown that for typical terres-host liquid, being generally greater in rhyolitic liquids than in trial basalt eruption conditions a mass eruption rate of 3 x 106 basaltic liquids at a given temperature and pressure for preskg/s implies a conduit radius of about 5 m. Table 3 shows sures up to at least 10 kbar. There is a strong dependence on some values of u/and M corresponding to several values of r pressure for a fixed temperature and composition and a weak for these conditions. The corresponding results for lunar erup-dependence on temperature for a fixed composition and prestion conditions are shown in Table 4 , where a mass eruption sure. We neglect the temperature dependence (which will be rate of 109 kg/s would require a conduit radius of 50 m. justifiable retrospectively) and find the following functions to
It is unlikely that large-scale basaltic eruptions take place be convenient approximations to the experimental data: if n,• through a single, circular conduit system. All such eruptions is the solubility in wt % and Pt, is the total pressure in bars, on earth in historic time have involved fissure sources, and at then for water in rhyolite, least some lunar basaltic vents appear to be elongate [Schultz, 1976] . Since it is the width rather than the length of an elongate fissure which controls the magma rise velocity, the output from such a source must be specified as a mass flow rate per unit length of the fissure. Unfortunately, even detailed descriptions of observed eruptions rarely include the exact geometry of the vent or the lengths of fissure segments actually delivering magma to the surface. From measurements given by Thorarinsson and Sigvaldason [1962] Figure 3) . The volume fraction occupied by growing gas bubbles reaches 0.75 at a depth of 108 m, and magma disruption is assumed to occur at this depth. The lowered effective viscosity results in an acceleration until the gas/pyroclast mixture makes a subsonic/ supersonic transition at a depth of 53 m to reach the surface with an exit velocity ue of 160 m/s. This velocity applies to the gas phase and all clasts small enough to have a negligible terminal velocity in the gas--in this case those smaller than about 2-cm diameter: the motion of particles larger than this size in the vent region will be quite complex as the surrounding gas velocity and density change with depth. The variation of conduit radius with depth required to permit the pressure to be lithostatic everywhere ( These early adjustments should occur very rapidly once magma approaches the surface. During the period when the exit pressure is greater than atmospheric, violent expansion of the gas phase should occur just above the vent, accelerating the eruption products to much higher speed. Because of the short time scale of this expansion it is probably best to assume that the process would occur adiabatically rather than isothermally. A good approximation to the solution to (1) for such conditions [Wilson, 1980; Self et al., 1979 ] is obtained by neglecting the potential energy and friction terms (the last two terms on the right-hand side) and using (8) , and so the time for passage of the front of the expansion wave is 14 ms. Decompression is not completely accomplished by the passage of the vent allows a lava lake of appreciable depth to form, the transition from mainly upward to mainly lateral flow will occur in a complex manner, and the apparent vent shape may be quite different from that shown in Figure 6 for the corresponding mass flow rate and gas content. In general, it will be true that the higher is the vertical eruption velocity in the vent and hence the higher the lava fountain over the vent, the more nearly will the shape of the base of the fountain reflect the shape of the vent as calculated above.
2. Eruption velocities and fountain heights. Figure 7a shows the relationship between the vertical velocity u• of the eruption products (gas and small pyroclasts), leaving a circular vent and the released gas content n for several values of the mass eruption rate of a magma with viscosity, • --300 Pa s; Figure 7b is the corresponding diagram for a fissure. Also indicated in Figures 7a and b are the heights to which fire fountains should be projected. The heights are taken to be equal to uf/2g, so that air resistance to the motion of the ejecta in the center of the fountain is neglected. This is probably a good approximation since for a steady or nearly steady fountain most of the coarse ejecta fall back to the ground in an envelope around the central core, thus protecting material in the center from interaction with the surrounding atmosphere. The structure is essentially a 'collapsed eruption column' of the type analyzed by Sparks et al. [1978] . Finally, the right-hand sides of Figures 7a and 7b show the total gas contents n, before the onset of gas release which correspond to the expansion wave, since the radial outward flow of gas behind • exsolved gas contents on the left-hand axes. the wave must cease eventually once the pressure in the rising gas is everywhere atmospheric. These further adjustments may be thought of as the consequence of the passage of further waves across the radius of the jet. The total time scale required will be a few times longer than the 14 ms calculated above: perhaps 50 ms but certainly not greater than 0.1 s. Since the vertical velocity component increases from 81 to 160 m/s during this period, the mean upward velocity is close to 120 m/s, and the eruption products will rise no more than 12 m in 0.1 s. Thus then rapid expansion of the erupted gas to atmospheric pressure should occur within 10 m of the ground level in the case of model B.
C. The Main Phase of a Steady Eruption
The above example shows that an adequate approximation to the final vertical eruption velocity of gas and small clasts is obtained by making the assumption that the pressure in the conduit system is lithostatic at all depths. Using this condition, we have computed velocities and implied conduit or fissure profiles for wide ranges of values of mass eruption rate, M, magma viscosity 7, and exsolved gas content n to cover all combinations for terrestrial basalts. is not important. largest bubbles involved. The isolated clot or droplet may itself contain other, smaller bubbles. As magma disruption proceeds and the mean gas pressure decreases as the erupting fluid moves upward, the trapped bubbles will themselves expand. They may break through to the surface of the clot individually and release their gas (in which case, surface tension forces may ultimately shrink the clot by a volume equal to the volume of the bubble at the moment of bursting). Alternaabout 0.06 wt % water. Magma fragmentation is anticipated tively, several such trapped bubbles may interact to produce a when such close packing occurs [Sparks, 1978] . The sizes of second generation of disruption of the original clot into a the largest gas bubbles present at the level where close pack-number of smaller clots. These, in turn, may contain even ing occurs are important in that they exert a strong control on the sizes of the pyroelastic clots and droplets produced by the breaking of the thin liquid films separating adjacent bubbles.
The size of a liquid body isolated by the collapse of the walls of several bubbles will be comparable to the size of the This disruption process will proceed either until the gas pressure has reached that of the atmosphere or until the liquid has acquired a high enough yield strength (as a result of cooling or the rheological changes resulting from the degassing ) to support the residual gas pressures in the bubbles. The size of the largest gas bubble expected to remain trapped by the time that the external pressure reaches that of the atmosphere will be greater than the size of the largest bubble present at the fragmentation level by a factor equal to the cube root of the ratio of the pressures at the fragmentation depth and the surface (as long as the magma yield strength is negligible and the gas expansion is nearly isothermal).
We have used the computer program described by Sparks [1978] to compute the maximum sizes of isolated bubbles at the fragmentation depth as a function of water content, magma rise speed, and viscosity; our numerical solutions for the magma rise model automatically give the pressure at the fragmentation depth, and so the largest bubble sizes at atmospheric pressure can also be found. and match closely the sizes of most vesicles found in basaltic ejecta [Sparks, 1978] and also ;he sizes of the larger nonvesicular basaltic lapilli [Macdonald, 1972] . 2. Bubble coalescence. A major complication to the idealized picture of the steady rise of a magma carrying embedded gas bubbles occurs when the rise speed of the bubbles through the magma becomes an appreciable fraction of the rise speed of the magma in the crust. Large bubbles will overtake and, under favorable circumstances, coalesce with smaller ones. The resulting increase in volume will lead to an increase in rise speed and an increased opportunity to overtake more small bubbles: clearly, a runaway situation may eventually develop in which very large bubbles arrive intermittently at the surface of the magma, having swept up many smaller bubbles. We take this circumstance to be the origin of the strombolian eruption style.
We have built the process of bubble coalescence into Sparks ' [1978] bubble rise computer program as follows. Let N(R) be the number of bubbles in the radius range R to R + dR associated with a volume V• of the magmatic liquid. We assume that at any level below the surface the total size distribution of bubbles is such that an equal mass of gas resided in each size interval. This is a crude attempt to take account of the fact that new, small bubbles are constantly nucleating with diameters of about 10 •m [Sparks, 1978] A much more detailed study of the strombolian process than that given here is needed if detailed interpretations of individual eruptions are to be made, since it is clear that the ejection velocities of explosion products from such eruptions depend critically on the way in which discrete bubbles burst through the magma surface in the vent [Blackburn et al., 1976; Chouet et al., 1974] . For the present we can only conclude that the occurrence of strombolian activity inan effusive eruption implies that the rise velocity of the magma at depth in the conduit system is less than about 0.5 m/s.
V. ASCENT AND EMPLACEMENT OF BASALTIC MAGMAS ON THE MOON

A. Definition of Effective Density Contrast
Solomon [1975] has pointed out that in general, the lunar mare basalts are denser than the crustal rocks through which they must rise to reach the surface and has proposed a mechanism to explain how they can be erupted into the mare basins.
Here we extend Solomon's treatment to obtain values for the likely effective density contrasts driving such eruptions. Consider Figure 9 in which a basin of depth db = Dn -Db• exists in a crust of density Pn and thickness Dn, which overlies a mantle of density Pro-A gas-free magmatic liquid of density p, is produced at a depth am below the mantle/crust boundary. Solomon [1975] argues that a horizontal, constant pressure surface may be defined, passing through the magma source, on which the pressure Pm is dictated by the regional load outside the basin and is given by At some general time the magma level will stand at above the base of the crust. The overall pressure gradient driving the eruption, dP/dh, is clearly equal to Pm/(Dbi + am), so It will be recalled that in the slightly simpler circumstances illustrated in Figure 1 we assumed that the pressure gradient in the erupting magma was equal to the lithostatic gradient. Since in that case we had P = pngh, the gradient dP/dh was just png. 
B. Volatiles: Composition and Solubility
There is still some dispute as to the composition of possible volatiles in lunar magmas. Calculations and measurements on returned lunar mare basalts by Sato [1976 Sato [ , 1977 imply that an important source of volatiles in these magmas was a chemical reaction at pressures less than about 170 bars between carbon and iron oxides to produce metallic iron, CO, and CO2. Thermodynamic arguments suggest that CO becomes dominant as the pressure decreases. From the measured amounts of nonmeteoritic iron in lunar basalts, Housley [1978] deduced that 250 to 750 ppm CO was typically produced in the mare basalts as they erupted. Since there is no strong evidence to the contrary, we assume that CO was the major volatile driving lunar eruptions.
There is no information on the kinetics of the reactions at the molecular level between carbon grains and iron oxides, and so we cannot calculate the CO production rate during the rise of a lunar magma. However, trial calculations have shown that the final eruption conditions of the magma are sensitive only to the total amount of CO produced, not to the detailed variation of production rate with depth. Accordingly, we make the convenient assumption that the amount of CO produced, n•,, increases linearly to the surface from the depth where production starts at a pressure of 170 bars (about 3.5 kin). Then, if nf is the final amount of exsolved CO selected for any particular model calculation, np is given by n•,= n {1 -h• } h<h: (52) with h: = 3.5 kin. The gas produced is only exsolved if n•, is greater than nu, the solubility at any depth. Thus n is defined as (% -nu) when the value is positive and zero otherwise. There are no data available on the solubility of CO in silicates: we are forced to assume, for the purposes of modeling eruptions, that the solubility of CO is the same as that of CO2 given by (31).
Figure 2 includes examples of the variation of (%-nu) with C. Lack of Atmosphere: Effect on Steadily Erupting Fluids
In the case of a lunar eruption some care is needed in treating the gas pressure near the surface. On a planet with an atmosphere the total pressure at any depth is composed of two contributions, one from the weight of the overlying rocks and the other from the weight of the atmosphere. As a magma rises through a vent, the rock contribution becomes zero, and the pressure becomes that of the atmosphere. On earth the gravity is such that the overlying rock alone exerts a pressure of I bar at a depth of about 3 m. Thus the presence of the earth's atmosphere ensures that the fractional change in pressure is very small over the last few meters beneath the surface.
In the lunar case the fractional pressure change in the expanding magmatic gas becomes very large over the last few meters if it is assumed that the external pressure is zero. The vertical velocity of the disrupted magma increases rapidly toward the surface, but even so a large increase in cross-sectional area is needed to accommodate the motion if the pressure is to remain lithostatic within the regolith. Since the gas phase must expand sideways to occupy the whole of the vent, significant horizontal velocity components occur, and the energy equation must be modified to take account of this fact: the form given in (1) applies only to one-dimensional motion.
A For convenience, the same formula is used when dr/dh, the rate of vent widening toward the surface, becomes large; however, the term Y(dr/dh) 2 is not allowed to increase to values greater than unity: this corresponds to the limiting case where energy is shared equally by the horizontal and vertical velocity components. The complex motions approximated by the above treatment only set in near the surface, roughly at the level where the radius of the conduit or fissure is equal to the depth.
D. Steady Lunar Eruptions
The considerations presented earlier for terrestrial eruptions, relating to the opening of vents and the early stages of eruptions, apply in the same way to lunar events and need no further discussion. As before, we make the simplifying assumption that the pressure in the erupting material is everywhere lithostatic once fairly steady eruption conditions are reached. Figures 10 and 11 show some examples of the variation with depth of fissure or conduit width and upward velocity for a number of effusion rates of a lunar basalt with viscosdepth. Because of the effectively zero atmospheric pressure on ity 10 Pa s and released gas content 750 ppm CO. The patterns the moon, there must be some form of disruption in an erupt-are generally similar to those for terrestrial eruptions except ing lunar magma unless that magma is completely gas-free (or for the more rapid increase of both vent width and eruption has a sufficiently large yield strength to retain gas bubbles at a velocity within the last few meters of the surface as the effects finite pressure). Magma disruption may be expected to occur of the negligible external pressure dominate. The relative inat a depth of about 41 m for a final CO content of about 750 crease in both of these quantities is less for eruptions with ppm and at a depth of 14 m for 250 ppm.
lower gas contents. At the fragmentation level a lunar magma disrupts into a spray of droplets and clots whose sizes will be controlled at least partly by the sizes of the largest bubbles present in the way discussed earlier for the terrestrial case. However, the fact that the released gas must expand to essentially zero final pressure means that even the smallest bubbles will attempt to expand to an infinite size. Although gas release may tend to produce undercooling of the melt by raising the solidus and liquidus temperatures , this may be compensated by the fact that gas exsolution is an exothermic process [Burnham and Davis, 1974] ; also, some lunar basalts may have been superheated on eruption [Ringwood and Kesson, 1976] , and much more thorough disruption of the magma droplets is to be expected in a lunar basaltic eruption than in any terrestrial eruption. A wide range of nonvesicular droplet sizes, from diameters comparable to the sizes of the largest bubbles present at fragmentation down to diameters comparable to the sizes of the smallest bubbles capable of nucleating, about 10/•m, is expected.
In an attempt to calculate the sizes of the largest noncoalescing bubbles present in lunar basalts we have modified the computer program developed by Sparks [1978] to solve the growth of H20 bubbles in terrestrial magmas to deal with the lunar case. As with the case of gas solubility, the material properties of CO2 were substituted for those of CO where the latter were not known. Figure 13 shows the variation of the largest bubble diameter at the level of magma fragmentation as a function of final released gas content and M (for a conbeen radically changed. Only in cases where some form of duit) or M/L (for a fissure) for a lunar basalt with viscosity 10 pyroclastic cone formed around the vent with a height substantially greater than the present regolith thickness is it probable that some vestige of the original structure would be recognizable now. This is particularly true for effusive eruptions where the vent may be left almost completely blocked by the last magma to emerge.
As an extreme alternative, if the local magma source is at shallow depth, the evacuation of the magma reservoir may be compensated by subsidence of the surface rocks near the vent leading to the production of a caldera comparable in horizontal extent to the size of the initial magma body. In view of the petrological evidence that lunar basalts appear to have reached the surface directly from depths of the order of 100 km or more [Kesson and Lindsley, 1976; Papike et al., 1976] it is doubtful if this second alternative is common. In either case, however, it will be hard to associate the size and shape of the apparent surface features with the original vent geometry. The only safe generalization is that the fractional increase of the length of an elongate fissure source will be less than the fractional change in its width.
For those cases where only regolith development has modified the initial vent shape it is proposed that the vent size at a depth equal to the present regolith thickness may be comparable to the apparent size of presently observable depression features. Accordingly, Figures 12a and 12b give the relevant parameter (radius for a conduit, half width for a fissure) as a function of released gas content and effusion rate.
We note that for eruptions from fissures, even effusion rates 10 times larger than those estimated for the Columbia River To summarize, in nonstrombolian eruptions, lunar pyroclasts should be relatively free of gas inclusions and be present in the total size range from a few millimeters to a few tens of microns. Where strombolian activity occurs, the droplet size range will extend to somewhat coarser droplets. These sizes point just above the fragmentation level for released gas contents in the range 100 to 750 ppm and all effusion rates of interest. In all cases the calculated droplet size would decrease if the calculation were performed for a shallower depth. This fact emphasizes the point that in lunar eruptions the released gas eventually escapes completely from the eruption site (whereas on earth it is always incorporated into an eruption cloud of some sort), and all pyroclasts, however small, must decouple from the radially expanding gas cloud eventually; we shall return to this point shortly. However, for the moment we can say with certainty that droplets or clots bigger than the sizes given in Table 9 will decouple at once from the gas flow and proceed up the vent with an initial speed equal to the magma rise speed just below the fragmentation level.
If the limiting sizes in Table 9 are compared with the expected largest bubble, and hence droplet, sizes in Figures 13, it is clear that at high effusion rates all the droplets will stay coupled to the gas flow, and thus that velocity/depth curves such as those shown in Figure 11 will be accurate. However, at low effusion rates a significant fraction of the droplets will decouple from the general gas flow and pursue quasi-ballistic trajectories. We can define a limiting effusion rate, MA for conduits or (M/L)A for fissures, as a function of released gas content, above which a negligible number of droplets will decouple from the gas flow in the vent. This limiting effusion rate is plot_ted as a function of n in Figures 14a and 14b . 3. Ejection velocities and ranges of coarse pyroclasts in steady eruptions. Shortly above the magma fragmentation level, the released droplets move as discrete individuals in the stream of released gas. All particles whose terminal velocities in the gas are small relative to the upward velocity of the gas in the vent stay locked to the gas motion. They and the gas together form a compound fluid to which the equations we have presented earlier apply just as well as to a continuous magmatic liquid containing bubbles. However, if droplets are sufficiently large, their motion relative to the gas cannot be ignored; they lag behind the gas motion and accumulate progressively in the vent. If we assume, for the moment, that not too many of the droplets are large, so that our calculated velocities are adequate, then we can compute (using the method of Walker et al. [1971] ) the size of the droplet which will have a terminal velocity in the gas equal to the gas rise speed at any level between the fragmentation depth and the surface. This droplet size marks the boundary between droplets which stay locked to the gas and those which decouple from it. Table 9 shows the results of these calculations for a Here n is the released weight fraction of CO, M is the mass eruption rate in a circular conduit, and M/L is the mass eruption rate per unit length in a fissure. Exactly equivalent arguments apply for fissure eruptions, and these combinations of circumstances are summarized in considering in more detail the way in which progressively smaller pyroclastic droplets decouple from the steady state eruption cloud over the vent at increasing distances. We have already shown that in a steady lunar eruption a transition must occur in the upper part of the vent from mainly upward motion to radial motion. For a circular conduit/vent system the symmetry dictates that the final motion of the gas and all clasts locked to it is radially outward into a hemisphere. For a fissure source the elongate shape implies that just above the vent the motion will have cylindrical symmetry. At distances much greater than the active fissure length, however, the motion will rapidly tend to hemispherical flow. For simplicity we treat only the purely hemispherical flow case but show retrospectively that most of the results are also applicable to the fissure case.
Since the expanding cloud of gas and clasts is a steady (time independent) system, equations (1), (2), (3), (5), and (8) apply to it with minor modifications; we assume that the gas expansion is largely adiabatic and so use (10) to relate the gas density to the pressure. The main change required is to replace the height coordinate h with a radial coordinate c, measured from the center of the vent at ground level. It is now adequate to neglect both the friction term in (1) and, since the gas volume at the pressures involved is much greater than the total particle volume, the particle volume term in ( 
with (10) as before. The main inadequacy of this treatment is that it neglects the effect (on the main part of the cloud of gas and relatively small clasts) of the motion of the relatively large clasts as they decouple from the general flow and fall to the ground. More exact solutions to the problem require complex iterative meth- Figures 14a and 14b . If (53) is used to evaluate the ranges of ods and may be the subject of future study; the present analycoarse droplets forming a localized deposit outside the vent, it is found that the maximum possible ranges are about 20 m in the case of conduit eruptions and about 30 m for fissure eruptions. Thus, if our assumption that fluid lunar basalts undergo almost complete fragmentation is correct, it is clear that only very localized pyroclastic structures will be formed from the coatset ejecta.
For the sake of completeness we consider the possibility that the above assumption is incorrect, and that even with high gas contents and high effusion rates, steady eruptions produce a large proportion of coarse droplets, i.e., bigger than the diameters given in Table 9 . Then (53) enables us to find the maximum range of such ejecta as a function of effusion rate and released gas content. Figure 15 summarizes the results of such calculations and shows that wide, low pyroclastic structures up to tens or hundreds of meters in diameter could be produced.
4. Sorting of small particles in steady eruptions. The findings of the previous section can be elaborated somewhat by , sis serves to give a general picture of the particle sorting. The above equations are solved by a stepwise numerical integration scheme. The starting conditions for the integration are taken to be the gas contents and velocities just above the fragmentation surface in each of the models treated in the previous section, and the initial value of c is taken to be the conduit radius at this depth. Thus the solutions are referred to distances measured from the fragmentation level rather than the true lunar surface; however, the ranges of droplets of interest are so much greater than the depths of fragmentation surfaces below ground that this is of negligible importance.
The progressive decoupling of clasts is clearly a function of their size distribution. On the basis of earlier arguments the clasts should consist mainly of submillimeters sized droplets; however, we cannot neglect the possibility that a significant number of much larger fragments may be present. We synthesize the fallout of clasts by slowly increasing the value of n, the gas mass fraction in the cloud, with radial distance. A relatively rapid rate of increase of n corresponds to a size distribu- Figure 14a shows M•, the mass eruption rate above which a negligible fraction of submillimeter droplets will decouple from the gas flow just above the fragmentation level; MB, the mass eruption rate below which decoupling droplets cannot be projected over the edge of the vent; and Mo the mass eruption rate below which strombolian activity will occur. Figure 14b shows the corresponding mass eruption rates per unit fissure length for elongate vents.
tion in which coarse particles predominate, while a relatively slow rate of increase represents a predominance of small droplets. Suitable rates of increase to correspond to realistic particle sizes were found by trial and error. At each stage of the integration a value can be calculated for the diameter of droplet which has a terminal velocity in the gas equal to the local gas speed. Droplets of this size will decouple from the gas flow in the region directly above the vent. At greater horizontal distances it is, of course, only the vertical component of the gas velocity which supports the droplets. Thus a droplet of the above size which happens to be traveling along a nearly horizontal path in the base of the cloud will decouple from the cloud much closer to the vent. The maximum final range reached by a particle of any given size will be obtained if that particle travels along a trajectory which is initially inclined at an angle somewhat greater than 45 ø to the horizontal. The upward gas velocity component at the radial distance c where it decouples from the flow will then be roughly 1/x/• (i.e., about 0.7) times the total gas velocity, and so it is the diameter of the particle whose terminal velocity is equal to this latter velocity which will be relevant at any given integration step. Such a particle will progressively lose its vertical support from the gas and will be traveling nearly horizontally at the time it decouples; it will therefore travel a further distance u2/2g, where u is the local total velocity component. Since it separates from the rest of the gas flow at a radial distance c from the vent and has been traveling at an average elevation of about 45 ø , its horizontal distance is c/x/• at this point, and so its total range is De, where
The above operation is carried out at each integration step for each chosen rate of increase of n with c. It is found in all cases that the calculated released particle size decreases with c rapidly at first and then becomes essentially constant. In each model calculation we record the ratio a by which n has increased and the corresponding total particle range De when the limiting size, say de, is reached. Gas mass enrichment by a factor a corresponds to a total particle mass decrease by a factor/•, where For this latter case, which we have argued is likely to be the most common in lunar eruptions, Figures 17a and 17b show, for circular and fissure vents, the combinations of released gas content n and effusion rate needed to eject droplets to a given maximum range.
5. Deposit accumulation rates and resulting structures in steady eruptions. The types of pyroelastic structure or lava flow formed near a lunar vent will depend on the accumulation rate of ejected magma which will in turn be a function of the mass eruption rate and the exsolved magma gas content.
There are two cases to consider.
Gas-free magma: In a completely gas-free magma the magma rise velocity uf at all depths is given by (12). With no gas expansion to be accommodated there is no particular reason to expect a flared vent shape. A nearly vertical fountain of magma will rise above the vent to a height u/2/2g; the flow field within it will be upward in the middle and downward over the outer surface. Surface wave instabilities may cause magma blobs to separate from the outer surface, but essentially, the magma will arrive back on the ground within one vent radius of the vent edge in a steady stream and coalesce to form a lava flow. This will be true of both conduit and fissure eruptions and will apply for all effusion rates. No pyroclastic structures will be formed. It follows that the presence of a substantial pyroclastic structure around a lunar vent, or the presence of pyroclastic$ in the nearby regolith, implies that gas was released from the erupted magma.
Steady eruptions with gas present: In all cases where gas is released, there is substantial disruption of a lunar magma and significant dispersal of the eruption products. A number of factors bear on the temperature of the accumulating ejected clots and droplets. If effusion rates are low enough, gas content is high enough, or magma blobs are large enough, the cloud of dispersing objects will be optically thin: radiation from individual. clots can escape at once from the cloud. If the clots are big enough or their flight time is short, they may not cool significantly except in a thin surface layer; if they are small enough or the flight time is long, they may cool to complete rigidity. On the other hand, if the eruption cloud is optically thick, the case favored by high effusion rate, low gas content, and small droplets, then only particles in the outer shell of the cloud will cool, and all others will land at magmatic temperatures, irrespective of their size and flight time. Since we really need the value of G corresponding to a continuous distribution of grain sizes, we take the limit of this expression as rn goes to infinity which is easy to approximate numerically. Some values are G = 1.2, 2, 11, and 72 for e --3, 10, 100, and 1000, respectively. Since we have argued that the lunar magma droplet sizes should mainly lie in the range 1 mm to 10 -2 ram, it is appropriate to use E = 10 and so G = 2. The final estimate of the cloud thickness needed for complete obscuration is thus A, where
It does not matter if we make the alternative assumption that particle sizes are much larger than 1 mm as long as the ratio of the sizes of the largest and smallest particles is not too different from the above example. The average particle spacing in a cloud, S, can be evaluated from the effusion rate, the average particle size d, the particle density (equal to p/), and the maximum range D. Also given is the approximate factor X by which the radius of the expanding gas cloud will have increased from its initial radius equal to that of the bursting bubble. See text for further details.
of the vent and one half of the deposit lies in the outer one tenth of the deposit radius. This is most important, since if the outer shell of the cloud is optically thick, little thermal radiation can escape from anywhere within it. We conclude that if Ac given by (66) is less than one tenth of the maximum radius of a circular deposit then the cloud from which that deposit forms is optically thick and the deposit accumulates with negligible cooling.
The same analysis can be applied to a fissure source. The simpler, elongate geometry leads to the result that the deposit thickness is proportional to (cos 20) -!. Figure 18 shows the relative thickness as a function of fractional range; in this case the ejecta are mainly concentrated into the outer part of the deposit. The optical thickness criterion derived above is probably appropriate to this geometry also.
We can now apply these results to steady eruptions in which gas is released. First, consider the case where all the magmatic droplets are submillimeter in size, and assume that the mean droplet size is 10 -1 min. Figures 17a and 17b give maximum ejected droplet ranges as a function of gas content and effusion rate. For circular vents we use (66) to evaluate Ac at every point along the constant range curves in Figure 17a the above function for the relative thickness as a function of and so find the points at which Ac is one tenth the range. The range at 2.5 ø steps of elevation as in Figure 18 ; the total deposit thickness at any range is made up of two components, the material arriving at elevation angles greater than and less than 45 ø. Clearly, ejecta accumulate preferentially near the vent and near the maximum range; roughly one eighth of the deposit volume lies within one tenth of the total deposit radius The corresponding ratios of pyroclastic droplet mass to erupted lava mass P: L are given for an average released magma CO content of 500 ppm by weight.
The equivalent procedure for fissure sources involves (67) and Figure 17b . The boundary curves for d--10 -• mm is shown as before, and the general conclusions are the same. The most surprising aspect of the calculation is that appreciable pyroclastic ramparts can only be built up along fissure cosity of the magma will prevent it flowing out of the way arbitrarily quickly. The result will be an excess pressure in the bubble; indeed, when the typical dimension of the bubble is comparable to its depth below the surface, its detailed internal pressure distribution will be controlled completely by dynamic processes. This fact is partially taken into account by Sparks' [1978] restrial strombolian activity, some kind of instability must set in before the overlying liquid thickness goes to zero, and the liquid layer disrupts into pyroclasts. Examination of movie film of terrestrial strombolian activity suggests [Blackburn, 1977] that the largest pyroclasts have maximum dimensions of the order of several times the thickness of the liquid layer at the moment of disruption and minimum dimensions equal to the thickness. The same is almost certainly true on the moon, but we have no simple way of calculating what that thickness may be. There is the added complication that, as was the case with steady lunar fire fountains, the larger clots of liquid produced by disruption of the overlying layer may themselves contain small bubbles which attempt to expand, thus causing further disruption. Again, a wide range of final pyroclast sizes is expected with diameters as small as a few tens of microns.
2. Pyroclast velocities. As soon as the liquid layer above a rising bubble disrupts, the released gas begins to accelerate around the pyroclasts as an expansion wave propagates into the gas. Consideration of the liquid flow field around the size is 1 m (which is probably unrealistically large), the region bubble shows that all the pyroclasts have an initial upward veof cinder formation extends into all of the zone to the left of locity less than or comparable to the rise velocity of the the dotted line. Cones up to 6 or 8 km in diameter could be bubble just before it bursts. The largest clasts may be only formed around central vents, and ridges up to 1 km in total slightly accelerated subsequently by the drag forces resulting width could be produced around fissure vents; very high effu-from the relative motion, while the smallest may be accelersion rates would be required, however. ated very quickly and remain locked to the gas motion for some time. The main difference between this process and its equivalent in the case of a steady lunar fire fountain is that in E. Lunar Strombolian Eruptions the latter case all of the liquid has essentially the same speed 1. The strombolian explosion process. Figure 13 shows as the gas up to the moment of disruption and so all of the the variation of maximum bubble size with effusion rate and pyroclasts, especially the largest, have a much higher initial released CO content for lunar basalts; the circumstances an-velocity at the start of the subsequent phase of particle sorting der which catastrophic bubble growth occurs to fill the width in the expanding gas cloud. Thus lunar strombolian exof the conduit or fissure are shown. Once this condition is plosions should lead to a higher degree of sorting for a given reached on the moon, the bubble will attempt to continue to occupy the full width of the vent, even if the vent lies in a topographic depression and opens out into a lava lake, since the gas in the bubble is striving to expend to infinite volume at the essentially zero pressure level of the lava lake surface. In practice, dynamic effects will limit the growth, since the finite vistotal range of particle sizes than lunar fire fountain eruptions.
If the velocities of the coarsest ejecta are approximated by the rise speeds of bubbles near the surface, then Sparks' program shows that they will be in the range 1 to 3 m/s for bubbles with diameters from 1 to 10 m. Such ejecta would only be thrown to distances of a few meters. If, on the other hand, the smallest droplets stay locked to the gas long enough for the or absence of the strombolian explosion style. It is possible to gas pressure to decrease by a few orders of magnitude, then summarize the results contained in Figures 13 to 18 in the folthese droplets can reach high speeds and large ranges [Hous-lowing manner: ley, 1978]. Let us, be the final velocity of the spray of gas and 1. Conduit sources. small droplets as a result of the gas expansion from an initial In a steady eruption (i.e., M >> 100 kg/s) in which magma temperature To and pressure Po to a final pressure P, and let n' is disrupted into mainly submillimeter droplets the following be the weight fraction of gas in the expanding mixture. It is occur:
probably safe to assume that the gas expansion is adiabatic, 1. For M > 105 kg/s all ejecta coalesce into a lava flow fed since most of the decompression must occur quickly over a from a circular lava pool with radius commonly up to 3 km; distance equal to a few times the diameter of the bursting pool radius increases with both M and n (Figure 17a) . bubble. The small spatial scale and lack of a surrounding me-2. For -• 100 < M < 105 kg/s, ejecta form a cooled circular dium mean that the potential energy and friction terms can be blanket up to 2.5-km radius; radius increases mainly with n neglected in (1); use of (10) find Pso --1.5 x 10 -2 kg/m 3. The value to be adopted for n' is a function of the bubble bursting geometry, since the weight fraction of the ejecta which consists of gas is equal to the ratio of the mass of gas in the bubble to the sum of the masses of the gas and that part of the liquid surface layer which is converted to pyroclastic droplets. Again, it is hard to specify a typical value. For terrestrial strombolian explosions, n' ranges from 0.1 to 0.3 in many cases [Blackburn et al., 1976] 2 are assumed, the ultimate velocity is still of order a few hundred meters per second, and the supported droplets can be up to at least several millimeters in size. It is clearly hard to avoid these droplets being dispersed over regions with radii of order many tens of kilometers on the moon. If values of n' up to about 0.9 are allowed, the above particle sizes are doubled, and ranges are quadrupled. However, if n' is large, this simply implies that only a small part of the magma is blasted away in each explosion; the rest effuses to form a lava flow. Table 11 summarizes these results by giving maximum values of particle size, ejection velocity, and deposit radius for several values of n' calculated at P/Po = 10 -3. Also given are the ratios of pyroclast mass to lava mass implied if the average exsolved magma CO content is 500 ppm. In the case of strombolian activity (i.e., M/L <• 100 kg s-' m-l), lava flow from vent is quite likely; coarse clots accumulate within 10 to 20 m to form spatter ridge on either side ot the fissure; submillimeter fines ejected to many tens of kilometers; clasts in the size range 1 to 10 mm may collect into cinder ridge within a few hundred meters of fissure. 
